Due to underlying symmetries the two degenerate angular-momentum ground states of a single holmium atom (with J = 8) on a Pt(111) surface have exceptionally long lifetimes, as observed in recent scanning tunneling microscopy studies. This opens perspectives for the application as a single-atom memory bit. For control and read-out the atom is coupled to electronic contacts. Hence the spin dynamics of the system is governed by a quantum master equation. In general it cannot be reduced to a classical master equation in the basis of the unperturbed crystal-field Hamiltonian. Rather, depending on parameters and control fields, "environment induced superselection" principles choose the appropriate set of basis states, which in turn determines the specific relaxation channels and lifetimes. Our results suggest that in ideal situations the lifetimes should be even longer than observed in the experiment. We, therefore, investigate the influence of various perturbations. We also study the initialization process of the state of the Ho atom by applied voltage pulses and conclude that fast, high fidelity writing into the memory, on a 100ns timescale, should be possible.
I. INTRODUCTION
An ultimate boundary of miniaturization of information technology is reached when single atoms are used as memory media. In this respect the experiment of Miyamachi et al. [1] represented an important milestone, demonstrating lifetimes of several minutes for the two degenerate ground states of a single holmium atom positioned on a Pt(111) surface. This is many orders of magnitude longer than lifetimes measured for single Co/Fe atoms on Pt(111) [2, 3] or other magnetic adatoms on a metallic surface [4] . The two Ho ground states differ by the J z -projection of the magnetic moment of the atom with J = 8 pointing into or out of the surface. A related giant magnetic anisotropy of single adatoms had been observed earlier for Co atoms on Pt(111) [5] . For the crystal-field Hamiltonian with parameters as determined in Ref. [1] , the two ground states of the Ho atom have J z ≈ ±8. Their long lifetimes result from a combination of symmetries and specific properties of the system [1] . We should mention that in recent work for Ho on Pt(111), Donati et al. [6] arrived at different crystal-field parameters, leading to ground states with J z ≈ ±6, for which we find much shorter lifetimes.
In this paper we analyze the system Ho on Pt(111) in greater detail. Most of our work is based on the crystalfield Hamiltonian with parameters as determined in Ref. [1] , but we also compare with the situation obtained for the parameters of Ref. [6] . For read-out and control the Ho atom is coupled to electronic reservoirs formed * christian.karlewski@kit.edu FIG. 1. Setting of the experiment in Ref. [1] : The magnetic state of a Holmium atom on a Pt(111) surface is studied by a scanning tunneling microscope with a spin-polarized tip.
by the metal substrate and the spin polarized STM tip. The description of this dissipative system is based on a quantum master equation for the reduced density matrix for the angular momentum states, which accounts for the influence of the electronic contacts and the applied voltage. For low voltages the description reduces to a rate equation in the eigenbasis of the unperturbed Hamiltonian, which are specific superpositions of angu-lar momentum states. However, for larger voltages the coherence of these superposition states is destroyed, and the relevant states are the steady state solutions of the full dissipative quantum master equation. This is an example for what has been called "environment-induced superselection" (or short "einselection") principle [7, 8] . In the considered system the choice of the appropriate basis depends strongly on the voltage. Switching the voltages also allows initializing the systems in a specific ground state, which is useful for experiments and when using the system as memory.
The quantitative comparison with the experiments requires assumptions about a number of parameters, which we explore in this paper in detail. For the comparison we also present new experimental data on the dependence of lifetimes of the system on the tip voltage.
II. THE MODEL A. The crystal-field Hamiltonian and eigenstates
The properties of a Ho adatom on a Pt(111) surface had been investigated in Refs. [1, 6, 9] . The Ho atom has strong spin-orbit coupling, therefore the total angular momentum is a good quantum number with value J = 8, leading to 17 states in the multiplet to be studied. A single adatom on a crystal structure with trigonal symmetry can be described by a crystal field Hamiltonian adjusted to the symmetries [10] , The B m n are crystal field parameters, which in Ref. [1] were determined from ab-initio calculations and compared with experiment, and O m n are the Stevens operators containing powers of J z , J + and J − angular momentum operators of the Ho atom [11] . Due to the symmetry the operators J + and J − appear in powers of multiples of three. Above, only the first two terms are shown explicitly (with [·, ·] + denoting the anti-commutator); further ones are listed in the Appendix.
The eigenstates of the crystal field Hamiltonian H CF can be divided into three families of states, |Ψ + m , |Ψ − m , and |Ψ 0 m . Each one of these states is a superposition of different J z eigenstates with magnetic quantum numbers differing by multiples of 3. The lower index m of each state, with −8 ≤ m ≤ 8, denotes the dominantly contributing J z eigenstate. In Fig. 2 we plot the eigenenergies versus the J z expectation value. They are marked by circles, squares and triangles for the three families +, −, 0. Since the dominant contribution to the eigenenergies arises from the first term ∝ −J 2 z the energies fit approximately on an inverted parabola. Note that by plotting the energy versus the expectation value of J z we can also represent arbitrary superposition states of the aforementioned basis states, which is useful for the following discussion.
The two degenerate ground states of the system |Ψ 
B. Spin-dependent electron scattering
For control and read-out, the Ho adatom is coupled to a spin polarized STM tip. The electronic reservoirs influence the dynamics of the system by the scattering of electrons in the electrodes from the atom and by the tunneling of electrons between tip and bulk substrate via the atom (see Fig. 1 ). Accordingly the total Hamiltonian consists of three parts, H = H S + H B + H C , describing the system, the electron baths in the substrate and tip of the STM, and the coupling terms,
In (2) we added the contribution due to an applied or stray magnetic field B, with g J being the Landé-factor and µ B the Bohr magneton. The bath electron creation (annihilation) operators are c α † kσ (c α kσ ), where α can be T or B for tip or bulk. Here we concentrate on the interaction of the spins of the electrons with the angular momentum J of the atom, which leads to scattering and tunneling processes with or without spin flip with amplitudes t αα ′ kk ′ described by the three terms in H C . For α = α ′ = B the these terms describe the scattering of a bath electron, while for α = α ′ they describe tunneling from the tip via the Ho atom to the bulk or back. In the following we will ignore the weak scattering of tip electrons, i.e. we set t 
From these relations we find ψ
Thus, a transition between the two ground states with m ≈ ±8 cannot be induced by a single electron scattering, which is the origin of their observed long lifetimes.
On the other hand, at non-zero temperature T = 0 and under the influence of an applied voltage U , scattering of electrons may lead to transitions to the first exited states and beyond, and eventually to transitions between the two ground states. Additionally, time-reversal symmetry breaking terms in the Hamiltonian such as a magnetic field give rise to direct transitions between the ground states. This leads to a finite relaxation time T 1 , which has been probed in the experiment and will be studied in the following sections. In a later section we will also investigate the decoherence time T 2 , i.e., the time scale for the decay of a coherent superposition of the two ground states.
The temperature in the experiments was as low as 0.7 K (i.e., k B T ≈ 0.060 meV), whereas the typical system energy, i.e. the first excitation energy is 7.7 meV [1] . Thus, the system is clearly in the quantum regime.
III. QUANTUM MASTER EQUATION
The description of the system in the quantum regime under the influence of the electronic reservoirs requires solving the reduced quantum master equation appropriate for open quantum systems [12, 13] ,
Here and below we set = 1. The influence of the two electronic baths enters in the dissipative kernel Σ(t − t ′ ). In Lindblad form with Born-Markov approximation the quantum master equation for the 17 states of the system reduces tȯ
with dissipative kernel expressed by correlation functions
with
Assuming t
and introducing the spindependent electron densities of states at the Fermi-edge N α σ with σ ∈ {↑, ↓} we obtain the Fourier transformed of the correlation functions. They are evaluated at the energy differences of the atomic system, Λ nm = E m −E n , and shifted by the applied voltage,
Here we introduced
,
is the Fermi function. We set the bulk potential U B to zero. As usual in the context of the tunneling magneto-resistance we define the tip polarization η = (P ↑ − P ↓ )/(P ↑ + P ↓ ) ∈ [−1, 1], where the spin up/down populations are proportional to the
The bulk electrode is assumed to be non-polarized, hence N B ↑/↓ = N B . For convenience we introduce the param-
In the following discussions we will first ignore the scattering of bulk electrons from the Ho atom (C BB νν ′ = 0), but we will analyze its influence in section V A.
The quantum master equation (8) for the density matrix can be rewritten in the form˙ ρ(t) = M ρ(t) where the density matrix ρ (here 17 × 17) is arranged as a vector ρ (with 289 components) and all the dynamics, coherent and dissipative, are included in the components of the large (289 × 289) matrix M (for details see Appendix). The spectral decomposition of this matrix, M ρ n = m n ρ n , gives access to various relaxation rates. It also yields the steady-state populations ρ(t → ∞) = ρ st = ρ 0 , which is the eigenvector corresponding to the zero eigenvalue m 0 = 0 [14] .
If the system behaves sufficiently classically, it is possible to reduce the quantum master equation to rate equations for the populations P i of the different states
with Γ ji describing the transition rates between the different states. Such a reduction is possible if the coherences, i.e., the off-diagonal components of the density matrix decay much faster than non-equilibrium populations. The question remains, what is the appropriate basis to decouple the coherences and populations. One option for this basis are the eigenstates of H CF . It is the appropriate choice if the influence of the bath is weak, and the eigenstates are only little affected by its presence. The reduction to rate equations, which had been used, e.g., in Refs. [15, 16] allows an easy interpretation of transition channels. However, in the present problem this reduction is not allowed in general for the 0-family eigenstates of the Hamiltonian. Due to degeneracies they are superpositions of several J z basis states with similarly large amplitudes. In much of the relevant parameter space their weak coherent coupling is destroyed by the baths. This scenario has been termed "environment-induced superselection" principle by Zurek [7, 8] . Decoherence selects favored "pointer" states which are stable under the influence of the environment [17] . These states are the steady-state eigenstates of the full quantum master equation. The properties of the two sets of basis states are compared in Fig. 2 .
IV. RELAXATION TIME T1
If the system is mainly in one of the two degenerate ground states, the relaxation time T 1 towards the steady state is given by the smallest non-zero eigenvalue (12), which describes only the direct transition. The relation between the two switching rates Γ −8→+8 and Γ +8→−8 (and related lifetimes) follows from the steady state populations P −8 and P +8 of the two ground states, τ −8 /τ +8 = Γ +8→−8 /Γ −8→+8 = P −8 /P +8 .
A. Voltage dependence
To compare with the experiments of Ref. [1] we need to know the coupling strength for tunneling of the reservoir electrons via the Ho atom. For this purpose we calculate the current I T h from the dissipative part of the master equation (for details see Appendix). By comparison with the experiment we should be able to determine the coupling strength c T B . However, the current I T h describes only the current where electrons scatter due to the the spin -angular momentum interaction. The total current includes a 'leakage' current I Exp = I T h + I Leak due to electrons tunneling directly between tip and bulk or due to electrons scattering with shells other than the 4f shell which forms the basis of the considered angular momentum states. By comparing the current which involves spin flips and accordingly depends on the the spin state of the Ho atom with the state-independent current we get a rough estimate. For the following discussion we assume that I T h amounts for roughly 10% of the total current I Exp , i.e. I T h = 0.1 nA. For U = 3 mV this is achieved by a coupling strength of c T B = 8.53 · 10 5 (meV s) −1 . We are now ready to analyze the dependence of the relaxation time on the applied voltage. In Fig. 3 a) we plot the results for the temperature T = 0.7 K chosen in the experiments, and for comparison at several higher temperatures T = 1.4 K, T = 3.5 K and T = 7 K. We compare the T 1 time, as obtained from the numerical solution of the full quantum master equation, and the result obtained from the approximate rate equations (12) in the basis of H CF eigenstates. Similarly we compare in Figs. 3 b) the J z expectation values of the steady state solutions of the master equation and those of the H CF eigenstates for two different values of U . For reasons of numerical stability we include in all our simulations the effect of a very weak magnetic field applied in z-direction (B z = 10 −8 T). Otherwise the two ground states get completely decoupled within the numerical precision, and numerical divergences appear, or the reduced density matrix is no longer positive semidefinite.
Focusing on the low temperature, T = 0.7K, we note that for low voltages, U 3 mV, the six lowest lying steady states of the full quantum master equation have very similar properties as the H CF eigenstates. In this regime transitions between the two ground states |Ψ At higher voltages we observe for T = 0.7 K and T = 1.4 K in (the semi-log plot of) Fig.3 a) or |Ψ + −7 , followed by a fast decay to the other ground state on the other side of the parabola. Since the first step is the bottleneck of the process we have 1/T 1 ≈ Γ 87 + Γ −8−7 . For an estimate we ignore the effect of the tip polarization and of a magnetic field (i.e. Γ 87 ≈ Γ −8−7 ) and get
For still higher voltages, U > 7 mV, the results obtained in the two approaches differ again. In this regime excitations to the symmetric and anti-symmetric H CFeigenstates |Ψ 0 6s and |Ψ 0 6a become possible. These two states have high transition rates between each other and thus could provide a 'shortcut' for the decay. However, in the full master equation these superpositions states are split into |Ψ 0 +6 and |Ψ 0 −6 due to the dephasing by the scattering electrons (see Fig. 3 b) ). Thus the shortcut is no longer open, which reduces the transition rates.
For even higher voltages, U > 8.6 mV, tunneling electrons have enough energy to overcome also the second energy excitation gap of ∆E 67 = E 6 − E 7 ≈ 8.6 meV, which is the largest gap of the system. From this point on, sequential scattering over the top of the parabola is the main transition channel, and the slope of the T 1 (U ) function changes. At higher temperatures, the different regimes get smeared out, as can be seen in the plot of Fig. 3 , especially for T = 3.5 K and T = 7 K. In this regime the main transition channel is always via higher excited states. For voltages larger than U ≈ 9 mV the results for all temperatures are very similar, because in all cases most of the electron scattering leads to the transition over the top of the parabola. Again, the rate equations overestimate the role of transitions via the 'shortcut' states |Ψ In Fig. 3 c) we investigate the dependence of the lifetime on the coupling strength c T B for low temperature and U = 8 mV. From the rate equations we find simply that T 1 time decreases proportional to 1/c T B . But the soluiton of the full quantum master equation yields different results. In the considered regime excitations to the |Ψ 0 +6 and |Ψ 0 −6 play a role. The coherence leading to these superposition states is increasingly destroyed with growing coupling strength. As a result the stronger couplings even stabilizes the system by decoupling the two sides of the parabola. 
B. Further details of the experiments
To compare with the experiments of Ref. [1] , two further effects have to be taken into account. First, in the experiment a modulation voltage of U mod = 0.8 mV was applied, i.e. U tot (t) = U + √ 2U mod cos(ωt). The frequency of the modulation, ω = 720 Hz, is several orders of magnitude faster than the timescales of interest. We model this fast oscillation by suitably averaging the correlation functions with the distribution h(
h(U ′ ) = 0 otherwise [18] . This means, e.g.
and respectively for all correlation functions with α = α ′ . The effect on the lifetimes is shown in Fig. 4 a) . In essence, the modulation amounts to a shift U → U + √ 2 · U mod , by approximately 1.1mV. Second, in the experiment the voltage-induced tunnel current was measured, and in fact, by adjusting the distances between tip and electrode, was kept fixed at the value I Exp = 1 nA. To keep the current fixed for different voltages U , we allow in the simulations c T B (U ) to be voltage dependent. We checked numerically that the tunnel contact behaves close to Ohmic, I T h ≈ U/R T un . We therefore adjust the coupling c T B (U ) ∝ 1/U to keep the current constant. We remind that an estimated 90% of the current is leakage current. With c T B (U = 3 mV) = 8.53 · 10 5 (meV s) −1 we arrive at I T h = 0.1 nA. We will proceed using these values in all simulations reported below. All this being said and done, we note that the effect of the adjustment, which is included in Fig. 4 b) , is weak.
V. DEVIATIONS FROM THE IDEAL SITUATION
When comparing the calculated T 1 times with the experimental data, as illustrated in Figs. 4, we note that the theory produces far too long times. Therefore, we need to take a closer look at the experiment and possible deviations from the ideal situation assumed so far.
A. Scattering of bulk electrons
Up to now we ignored the effect of bulk electrons scattering from the Ho atom, and the question arises whether it could be the source of the mismatch between theory and experiment. The scattering processes are easily included in the quantum master equation, and their effects are illustrated in Fig. 5 . In the first panel we show how the relaxation time depends on the coupling strength c BB for a fixed value of the tunneling strength c T B = 8.53 · 10 5 (meV s) −1 and voltage U = 5 mV. As long as c BB is smaller than c T B the lifetime remains nearly unchanged. For stronger c BB , the scattering of bulk electrons leads to suppression of coherent transitions and thus to longer lifetimes. This arises because of the low temperature of the bulk electrodes, which cools the system into the ground states, whereas the tunneling electrons due to the applied voltage have enough energy to excite the system. The combination of voltage-dependent tunneling and voltage independent scattering is illustrated in Fig. 5 b) (including the effects of modulation voltage broadening and tip distance correction mentioned before). We assumed a bulk electron scattering strength of c BB = 3.2 · 10 6 (meV s)
which is slightly larger than the tip coupling strength c T B = 8.53 · 10 5 (meV s) −1 . Again we note the increase of the lifetime due to the scattering.
B. Breaking the C3v-symmetry
We start considering the effect of the leading C 3v -symmetry-breaking term of the Stevens operators, [19] . This term arises if the tip is not perfectly centered over the Ho atom, or if nearby surfaces or imperfections in the crystal break the symmetry. A magnetic field in the xy-plane would have a similar effect.
The symmetry-breaking parameter B 1 2 is varied in Fig. 6 a) between 10 −10 meV and 10 −3 meV, which is still orders of magnitude lower than the leading crystal field term B 0 2 = −0.239 meV. As a result of the symmetry breaking the eigenstates of H CF get mixed, and the protection against direct transitions is lost. In Fig. 6 a) , the voltage is chosen to be U = 5 meV, so the leading transition is directly between the two ground states. With rising strength of B 1 2 the relaxation time decreases
−2 . The switching as obtained from the rate equations arises since electron tunneling directly couples the two states. In the frame of the full master equation scattering of electrons destroys the phase coherence of these superpositions and the resulting J z expectation values of the steady states are closer to the parabola characteristic for the ideal H CF eigenbasis (see the ground states of the inset of Fig. 6 a) ). This results in a longer relaxation time T 1 . Unfortunately, the parameter B 1 2 is not independently accessible in the experiment, and therefore it is difficult to draw more precise conclusions.
C. Noise in the circuit
To account for the influence of further perturbations, such as thermal noise in the electronics, we introduce a lifetime broadening. Specifically we average the results obtained so far, assuming a Gaussian broadening of the tunneling electron energy distribution
] with a width characterized by the parameter G [18] . Its influence on the lifetime T 1 is visualized in Fig. 6 b) . The relaxation is strongly reduced by this broadening because it allows exciting the system into one of the |Ψ + 7 or |Ψ − −7 states, followed by a subsequent decay to the other ground state.
By fitting the parameters characterizing the two deviations from the ideal situation we manage to obtain results for the T 1 times close to the the experimental ones (see Fig. 7 ). We plot results for two values of the temperature T = 0.7 K and T = 1.4 K, where the first one is the bath temperature in the experiment while the second is chosen to account for some electron heating induced by the current. (By itself the higher temperature would not be sufficient to explain the discrepancy between the simulation based on the ideal model and the experiment.) Although with the fitting we have reached a reasonable agreement with experiment we have to note that the fit is not conclusive, since the number of data points is too low to determine the parameters independently.
D. Magnetic field dependence
Next, we investigate the effect of an applied or stray magnetic field B z which is probably present in experiments. Its influence depends strongly on the values of the other parameters. In Fig. 8 a) we show the resulting modification for the regime where the main transition, although with small rate, is directly between the states |Ψ + 8 and |Ψ − −8 . We choose U = 5 mV, i.e., we are still in the regime of voltage-independent relaxation time of Fig. 3 a) . As shown in Fig. 8 a) the lifetime is strongly reduced by the symmetry breaking magnetic field B z , since the symmetry protection of the two ground states is lost. This behavior is obtained both from the rate equation and the solution of the quantum master equation.
Interestingly, as illustrated by Fig. 8 b) , the behavior can be completely different for different parameters. In this example the lifetime increases when a field is applied. For the chosen parameters the B z field stabilizes the J z eigenstates and reduces the switching, which otherwise would be induced by the symmetry breaking term B 1 2 . We conclude that a detailed study of the magnetic field dependence could provide a better understanding of the different perturbations acting on the Ho adatom.
E. Alternative choice of HCF
In a recent publication Donati et al. [6] reported about x-ray absorption spectroscopy (XAS) and magnetic circular dichroism (XMCD) measurements performed with Ho on Pt(111). The results could be fitted with a crystal field Hamiltonian containing only the terms B [1] used, and what we assumed so far in this paper. We add a small B hence should have much short lifetimes. We analyzed the relaxation rate in the same way as for the other model, with results shown in Fig. 9 . We note that the solution of the rate equation yields very short relaxation times of the order of nanoseconds. On the other hand, the simulation based on the full master equation yields again longer lifetimes. The reason is again the "environment-induced superselection" which destroyes the superpositions. The differences between the two sets of eigenstates are pronounced, as can be seen in he inset of Fig. 9 . In fact the difference between the two theoretical approaches is even more pronounced than found in the model based on the parameters of Miyamachi et al.. We further note from Fig. 9 that higher voltages even stabilize the ground states, because the excited states couple less to the states on the opposite site of the parabola than |Ψ 0 +6 and |Ψ 0 −6 , and hence the excitation of those states reduces the transition rate. This voltage dependence is in stark contrast to the observations made by Miyamachi et al. [1] , where the lifetimes decrease with increasing voltages.
The voltage dependence supports the Stevens parameters used by Miyamachi et al. [1] . They were derived for a situation where individual Ho atoms were adsorbed on high-symmetry fcc sites on the surface of Pt(111). In contrast, the experiment of Donati et al. [6] were performed with a high coverage of Ho atoms of 0.04 monolayers occupying a mixture of hcp and fcc sites. Further investigations are needed to clarify whether this is the origin of the differing results.
VI. DECOHERENCE TIME T2
The decoherence time T 2 is the time scale on which the phase information in a coherent superposition, here specifically of the states |Ψ + 8 and |Ψ − −8 , gets lost. In the quantum master equation treatment of the problem T 2 is obtained from the decay rate of the off-diagonal matrix element ρ +8−8 , which is given by the corresponding matrix element in the matrix M ,
The resulting T 2 times are plotted for different parameters in Figs. 3, 4 and 7. It turns out that the T 2 time depends mostly on the current, i.e., on the number of scattered electrons. Each scattered electron dephases the superposition state, independent of the energy of the electron. Thus, we detect only in Fig. 3 a) and Fig. 4 a) a dependence of T 2 on the voltage U , because in all other plots the current is kept constant (achieved by by adjusting c T B (U )). We note that the T 2 times are always very short (∼ 10 −10 s) making the considered memory unsuitable as a quantum mechanical bit (qubit). Additionally, we found that the T 2 does not depend on the symmetry breaking B 1 2 , the broadening G, or the magnetic field B z .
VII. INITIALIZATION
We have seen that the relaxation time depends strongly on various parameters. In this section we will demonstrate that by switching parameters in a suitable way we can initialize a specific angular momentum state. This allows the writing process if we use the Ho atom as a memory. As a specific example we study what happens to the state |Ψ − −8 when we pulse the system for a time t p with a voltage U and then let the system relax for 1 µs without a voltage applied. After the relaxation, the population of the state |Ψ + 8 is measured, which provides the information about the switching probability S −8→8 (U, t p ).
In Fig. 10 , the switching probability S −8→8 (U, t p ) as obtained from the quantum master equation is plotted versus the strength of the applied voltage pulse for different spin polarizations η of the tip. (We neglect again the influence of the bulk electron scattering.) For U > 20 mV the value of S −8→8 (U, t p ) may get close to 1, i.e., the pulse flips the Ho atom with a high probability into the |Ψ + 8 state. On the other hand, a pulse with opposite voltage U < −20 mV leaves the state with high probability in the |Ψ − −8 state. For voltages between −10 mV U 10 mV basically no switching Ho spin state is induced, S −8→8 (U, t p ) ≈ 0. Around U = 20 mV the switching is strongest as long as η = 0. For an unpolarized tip, η = 0, a pulse with high voltage produces a balanced population of the two ground states.
The upper inset of Fig. 10 shows the dependence of the switching probability S −8→8 (U, t p ) on the spin polarization η for optimum conditions U = 20 mV and pulse time t p = 2.5 · 10 −7 s. As one could expect, the higher the polarization, the better the initialization. But, the switching between the ground states also requires a certain number of electrons, which increases with longer pulse time t p , as displayed in the lower inset of Fig. 10 . For the optimal voltage of U = 20 mV we calculate a current of I T h ≈ 0.7 nA. A pulse time of t p ≈ 250 ns implies then that around 1000 electrons are needed to prepare the atom in one state. By changing the tip distance in the experiment, this dependence could be probed.
Our simulations suggest that by the considered protocol it is possible to prepare the system in a required state using pulse times of a few hundreds nanoseconds with high fidelity as long as the tip polarization is good enough. The required pulse time depends strongly on the parameter c T B . Thus, an experiment with different pulse lengths could help to determine the value of c T B . 
VIII. CONCLUSION
When investigating the dynamics of the angular momentum states of Ho on Pt(111) we found that in an important regime of parameters the system behaves deeply quantum mechanically and cannot be described by a rate equation for transitions between the eigenstates of the crystal field Hamiltonian H CF . Rather the system has to be treated by the full quantum master equation. Its steady-state basis in general differs from the H CF eigenstates, which is an example of the "environment-induced superselection" principle [7, 8] . We analyzed how the relaxation time depends on various parameters of the system which allows us, by comparing with experiment, to estimate their values. We further described a method to initialize the system in one of the two ground states by suitable voltage pulses. This models the writing process of a memory bit.
Our analysis shows that if the parameters could be controlled more precisely and could be improved the system would acquire even longer lifetimes than observed already. The system therefore promises to be useful as a single-atom memory device with the possibility to write into the memory by very short pulses of electric currents with high fidelity. A further detailed investigation of the coupling parameter c T B and the other parameters is required to identify the main perturbation which limits the lifetime of the Ho adatom in the experiment. A magnetic field analysis could be a first important step to obtain the missing information, because of the strong dependence of the lifetime on this parameter.
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